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Abstract— In this paper we use Scanning Kelvin Probe Mi-
croscopy (SKPM) to detect charge in the dielectric of RF MEMS
capacitive switches. We observe a laterally inhomogeneous dis-
tribution. Laterally inhomogeneous dielectric charging leads to a
narrowing of the - curve [1], and can lead to stiction of the
membrane. The measurements show that trapped charges slowly
diffuse, which reduces the inhomogeneity and shows that charge is
vertically confined. From these measurements we estimate the lateral
diffusion coefficient of trapped charges.
Key Words— RF MEMS, capacitive switches, silicon nitride, di-
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I. INTRODUCTION
RF MEMS (Radio Frequency Micro-Electro-Mechanical
Systems) capacitive switches (Fig. 1) show great potential for
use in wireless applications. They have good RF characteristics
(such as high linearity and low losses) and low power con-
sumption [2]. However, a major challenge for the successful
implementation of the switches in commercial products is
obtaining a high reliability.
Previous papers on the degradation of RF MEMS capacitive
switches mainly focused on uniform dielectric charging [2]–
[10], where trapped charges result in built-in voltages Vshift
that shift the C-V curves [4], [5]. It can be shown [5] that this
Vshift is proportional to the amount of trapped charge and the
distance it has to the bottom electrode:
Vshift =
∫ td
0
ρ(z)z
r0
dz +
std
r0
, (1)
where ρ(z) is the space charge density as function of vertical
distance z from the bottom electrode, td the thickness of
the dielectric, 0 the dielectric constant of vacuum, r the
relative dielectric permittivity, and s the surface charge density.
However, an additional observation is that the positive and
negative pull-in voltage move closer to each other [11], [12]
(Fig. 2). An explanation for this narrowing of the C-V curve
was proposed by Rottenberg et al. [1] based on the assumption
that the charge is injected inhomogeneously. In this article we
will reiterate how inhomogeneous charging leads to C-V curve
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Fig. 1. SEM picture of an RF MEMS capacitive switch.
narrowing, and show that Scanning Kelvin Probe Microscopy
can be used to study this inhomogeneity in a very direct way.
II. C-V CURVE NARROWING
As already stated, the C-V curve narrowing effect can occur
when the charge that is injected into a dielectric has a laterally
inhomogeneous distribution [1]. Such a charge distribution
will result in a Vshift that is position dependent (Fig. 3). If
the MEMS switch is modeled as two rigid parallel plates, the
expression for the electrostatic force becomes
FE = −02
∫
Area
(V − Vshift(x, y))2
(td/r + g)
2 dxdy
= −0A
2
(
V − V shift
)2
+ σ2Vshift
(td/r + g)
2 , (2)
where FE is the electrostatic force, A the area, g the gap,
Vshift(x, y) the now position dependent voltage shift, V shift
the average of Vshift(x, y) and σ2Vshift the standard deviation
of Vshift(x, y). We see that the g-dependence has not changed
due to the inhomogeneous charge, and if the open state gap
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Fig. 2. C-V measurement of a MEMS switch before and after applying a
DC stress voltage.
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Fig. 3. Schematic representation of how the E-field due to laterally inho-
mogeneous trapped charge can never be completely compensated. Because of
this, the electrostatic force never is completely zero.
has not changed, the balance between electrostatic force and
spring force is essentially the same as that of a device without
trapped charge. In the inhomogeneously charged situation pull-
in will occur when the value of the nominator is equal to the
value it has for the uncharged situation at pull-in, so that the
new pull-in voltages can then be calculated using
(
Vpi − V shift
)2
+ σ2Vshift = V
2
pi,(t=0) →
V ±pi = V shift ±
√
V 2pi,(t=0) − σ2Vshift , (3)
where Vpi,(t=0) is the pull-in voltage of the unstressed device.
The same narrowing effect also happens for the pull-out
voltage Vpo. When due to the combination of shifting and
narrowing V +po or V −po passes V = 0, a closed switch will not
open at V = 0. When due to narrowing the positive pull-out
voltage V +po becomes equal to the negative pull-out voltage
V −po, the switch will not open at all. This will happen if σ2Vshift
becomes larger than V 2po,(t=0).
III. MEASUREMENT METHOD AND RESULTS
To investigate if laterally inhomogeneous charging indeed
takes place, we applied a high stress voltage to a switch
Fig. 4. Diffusing and decaying surface potential measured across a line.
The vertical lines indicate the region used for determination of the diffusion
coefficient.
and waited until we had a significant amount of narrowing.
After this we removed the top electrode and used SKPM [13]
to measure the surface potential, which was changed by the
local built-in voltage shift, as function of position (Fig. 5).
We clearly see where the holes in the top electrodes have
been: since no charge was injected at that position, a lower
surface potential is measured, although this is still higher than
for an unstressed device, for which a surface potential of
approximately zero was measured. It is also clear that the
charge distribution is laterally inhomogeneous, with several
’hot-spots’ with larger amounts of trapped charge.
To investigate how permanently charge is trapped in the
dielectric (silicon nitride), we measured the surface potential
of a stressed device along a single line as function of time,
resulting in Fig. 4. Here we not only see a gradual decay of the
surface potential, but initially also an increase of the surface
potential at the minima, indicating that charge flowed from the
maxima to the minima. Later on, the surface potential also
decreases at the minima. This tells us that initially changes
in the surface potential are dominated by diffusion, and on
a longer timescale by charge leaking back into the bottom
electrode.
In Fig. 4 and 5 we also see that the characteristic length
scale is 10 μm . Since the thickness of the dielectric is much
smaller than this, charge must be vertically confined or the
change in the surface potential would be dominated by vertical
diffusion and leakage into the bottom electrode, which would
only lead to an overall decay.
IV. EXTRACTION OF THE DIFFUSION COEFFICIENT
With the measurements shown in Fig. 4 we can also try to
extract the diffusion coefficient of the diffusing charge. The
2D diffusion equation is given by
∂V (x, y, t)
∂t
= D
(
∂2
∂x2
+
∂2
∂y2
)
V (x, y, t). (4)
Since we only have data in the x-direction (measuring in 2D
is not an option, it is too slow with respect to the diffusion
time-scale), we have to make an assumption about the second
derivative to y. By using a portion of the data where the second
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Fig. 5. Contour plot of the measured surface potential of a stressed device and the corresponding section of a SEM picture of the top electrode.
derivative to x is maximal, the second derivative to y will
most likely be equal or smaller in comparison. This region is
indicated by the vertical lines in Fig. 4. D is then equal to 0.5
to 1 times the division of ∂V (x, t)/∂t and ∂2V (x, t)/∂x2.
However, there is simultaneous diffusion and charge leakage
back into the bottom electrode. To correct for this, we assume
that if the surface potential is measured over a long line, the
change in the average surface potential is only due to leaking,
and not due to diffusion in the y-direction. We also assume that
the leak rate is proportional to the surface potential V (x, t).
The corrected expression for ∂V (x, t)/∂t then becomes
∂V (x, t)
∂t
→ ∂V (x, t)
∂t
− ∂V (x, t)
∂t
· V (x, t)
V (x, t)
(5)
To reduce noise, we convolute the second derivative to x with a
smoothing function. After averaging the result over the region
indicated in Fig. 4 and over the time of the experiment, a
diffusion coefficient between 0.0030 ± 0.0005 and 0.006 ±
0.001 μm2/s is found.
Since the second order derivative introduces a lot of noise,
a second approach was used for another data set. This set was
obtained in the same way as the data in Fig. 4, but had less
sharp features, because the shape of the surface potential was
mostly determined by the fact that a hole was situated above
the measured line of the dielectric. In order to determine D, we
look at the largest Fourier component of the surface potential,
which has an exponential time dependence:
V (x, y, t) = Voffset+
V0 sin(kxx + φx) sin(kyy + φy) exp(−D(k2x + k2y)t). (6)
The x-dependent part can be determined by fitting the sine
function VA sin(kxx + φ) + Voffset + gLx to the data (gL is
added to eliminate long distance gradients). We then plot VA
as a function of time (Fig. 6). The extracted kx’s are not a
function of time and are in good agreement with the hole
distance of the top electrode. Again we have to make an
Fig. 6. Exponential decay of the amplitude of a sine function fitted to a
diffusing surface potential.
assumption about what happens in the y-direction. Since the
hole distance in the y-direction is equal to the hole distance
in the x-direction, we expect similar behavior of the surface
potential in that direction. We therefore presume ky = kx and
fit VA(t) = V0 exp(−2Dk2xt) to the graph, which results in a
diffusion coefficient D of 0.010 μm2/s. This is higher than
the other result because this method does not correct for the
simultaneous leakage of charge into the bottom electrode, and
also does not correct for higher order Fourier components of
the diffusion in the y-direction. Since both methods use 1D
data to calculate the diffusion coefficient for a 2D diffusion
process, both are approximate values.
V. CONCLUSIONS
We can conclude that Scanning Kelvin Probe Microscopy
is a useful tool to study charging in RF MEMS capacitive
switches. It was used to show that charges are trapped in
a laterally inhomogeneous way. Furthermore, time dependent
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measurements showed that these charges are confined in the
vertical direction and exhibit lateral diffusion. These mea-
surements were used to get an estimated diffusion coefficient
between 0.003 and 0.010 μm2/s.
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